A B S T R A~ Since recognition during the last decade that certain renal carcinogens can initially cause an accumulation of hyaline (protein) droplets in proximal tubules of male rats, it has become appropriate to establish whether this phenomenon of protein overload can also occur in rodent kidneys unrelated to chemical treatment. Kidney tissue from a number of selected rodent studies held in the National Toxicology Program (NTP) or Food and Drug Administration (FDA) archives were evaluated for hyaline droplet accumulation in proximal tubules. The survey concentrated on rats and mice of both sexes bearing hematopoietic tumors, as our preliminary observations had suggested this direction of study. The tissues of 101 Sprague-Dawley, 25 Osborne-Mendel, and 70 Fischer 344 rats and 96 B6C3F1 mice were examined. These animals provided an assortment of tumors including histiocytic sarcoma, lymphocytic lymphoma, mononuclear cell leukemia, and sarcoma. Hyaline droplet accumulation, primarily involving the P2 segment of proximal tubules, was diagnosed in 96% of rats with histiocytic sarcoma (74177 cases in Sprague-Dawley, 17/18 in Osborne-Mendels, 7/7 in Fischers) and in 55% of B6C3F1 mice with histiocytic sarcoma (18133 cases). There appeared to be a qualitative correlation between hyaline droplet accumulation and degree of tumor burden. Thus, in cases negative for hyaline droplets, the tumor was often confined to a single location, while increasing involvement of proximal segments beyond P2 occurred with more extensive multi-organ dissemination of the tumor. By immunohistochemistry on 11 cases of rat and 8 cases of mouse histiocytic sarcoma, the protein in hyaline droplets was identified as lysozyme, a known major secretory product of monocytes and macrophages. The hyaline droplets were negative for a,-antitrypsin, a,,-globulin, rat or mouse immunoglobulin, and albumin. More sparsely scattered droplets and granules present in proximal tubules of Fischer rats with mononuclear cell leukemia were negative for lysozyme but positive for either iron or lipofuscin pigment. The study establishes a clear association between renal tubule hyaline droplet and lysozyme accumulation in rats and mice with histiocytic sarcoma. Hyaline droplets secondary to neoplasia should be distinguished from chemically-induced hyaline droplet nephropathy in the male rat involving a,,-globulin.
INTRODUCTION
the naphthenic hydrocarbon decalin (40), and d-li-The Occurrence of hyaline droplets representing protein overload in kidney tubules of rats has as-monene, a food component and major constituent of orange pee1 Oil (45) . It has been shown that the sumed toxicologica~ importance in recent years. -@is ofdiverse chemical substances can invoke a marked increase in eosinophilic protein droplets within the second (P2) segment of the proximal convoluted tubule of male rats as the first step in a nephropathic sequence. The list of substances includes unleaded gasoline (38), tetrachloroethylene (a solvent widely used in the laundry and dry cleaning industry) (1 6), (35) and its subsequent filtration via the kidney, where a substantial proportion of the low-molecular-weight protein is reabsorbed and catabolized in the proximal tubule (28) . Such is not the case in female rats, mice of either sex, or humans. The toxicological significance of the renal lesion relates particularly to an association with late development of renal tubule tumors, presumably through an epigenetic mechanism, and the consequent implications for assessing whether there is a risk to humans.
Little is known 'concerning the range of factors which provoke accumulation of hyaline droplets in the kidney, and whether this phenomenon can occur in rats or mice of either sex under conditions unrelated to a,,-globulin. In order to facilitate establishment of criteria that will unequivocally designate a chemical compound as an inducer of a,,-globulin nephropathy, it is important to know whether protein droplets can accumulate naturally, without experimental intervention, in the rodent kidney under alternative physiological or pathological circumstances other than very advanced stages of spontaneous age-related, nephropathy.
Eosinophilic droplets of identical appearance and location to those chemically-induced in a,,-globulin nephropathy are encountered sporadically in longterm safety evaluation studies involving both rats and mice of either sex. It was our initial observation that this phenomenon could be associated with disseminated histiocytic sarcoma, a hematopoietic neoplasm adequately characterized in the rat only in the last decade (3, 39) . In the present communication, a series of chronic studies have been evaluated in order to substantiate this specific tumor association with hyaline droplets in rodents, and to identify the nature of the accumulating protein by immunohistochemistry.
MATERIALS AND METHODS
For surveying the possibility of an association between the presence of histiocytic sarcoma and the accumulation of hyaline droplets in renal tubules, 2 archival sources of histological specimens were accessed. Through the courtesy of the Food and D r u~ Administration (FDA), Washington, DC, a large collection of rat histiocytic sarcomas was made available, comprising the series of hematopoietic tumor-bearing Sprague-Dawley rats described by Squire et a1 (39) . Hematoxylin and eosin (H&E)stained histological sections of kidney and tumor tissue from 83 cases of histiocytic sarcoma were examined and compared with 15 examples of generalized lymphoma and 3 cases of sarcoma from the same series.
Through the courtesy of the National Toxicology Program (NTP), access to study archives at Experimental Pathology Laboratories Inc., Research Triangle Park, NC, was granted for the purpose of examining H&E-stained histological sections from hematopoietic tumor-bearing rats and mice in 2-year bioassays. From 4 studies using Osborne-Mendel rats, 18 cases of histiocytic sarcoma were identified. Kidney sections from these animals were compared with samples from 7 generalized lymphocytic lymphomas. In Fischer 344 rats, 5 studies provided 7 examples of histiocytic sarcoma. From these studies, the renal pathology of 57 cases with mononuclear cell leukemia, 3 with malignant lymphoma, 3 with fibrosarcoma, and 18 with no evidence of hematopoietic or sarcomatous tumor was compared with the Fischer rats bearing histiocytic tumors. From 10 NTP studies utilizing the B6C3F1 mouse, 96 animals with hematopoietic tumors and 2 with fibrosarcomas were identified and examined. Among the hematopoietic neoplasms, there were 33 with a diagnosis of histiocytic sarcoma or histiocytic lymphoma, 60 lymphocytic or mixed lymphomas, 2 granulocytic leukemias, and 1 plasma cell myeloma.
Iinintt nohistocheinistry
Of the specimens surveyed by light microscopy, renal tissue was available for immunohistochemistry from 11 rats and 8 B6C3F1 mice bearing histiocytic sarcoma, including both sexes. The rat cases consisted of 4 Sprague-Dawley, 4 Osborne-Mendel, and 3 Fischer 344 rats. In addition, 7 Fischer rats with mononuclear cell leukemia from the NTP archives and 2 each of tumor-free Fischer rats and MF1 mice from the MRC breeding colony were examined histochemically. All tissues had been preserved in formalin-based fixative and were prepared as 3-5 p paraffin sections.
Hyaline droplets in rat renal tissue were tested for the presence of several proteins: cross-reactive antihuman lysozyme (Dakopatts, High Wycombe, Buckinghamshire) and anti-rat a,-antitrypsin (Seralab, Crawley Down, Sussex) as histiocytic markers (18, 19) , anti-rat a,,-globulin (courtesy of Dr. J. R.-F@ter), anti-rat Ig (Sera-lab), and cross-reactive anti-human albdmin (Dakopatts). In the mouse, the series included anti-mouse Ig (Sera-lab) instead of anti-rat Ig and excluded a,,-globulin. For all antisera, the sections were stained by a modification of the alkaline phosphatase conjugate method (1 I), verified in some cases by the peroxidase-antiperoxidase technique (4 1). In the modified alkaline phosphatase conjugate method, tissue sections were baked overnight at 60°C prior to proteolytic digestion with trypsin (Sigma Chemical Co., Poole, Dorset). The demonstration of lysozyme, a,-antitrypsin, a,,- globulin, and albumin utilized an indirect method with the secondary antibody conjugated with alkaline phosphatase. Rat and mouse Ig were identified with a direct technique using primary antibody-alkaline phosphatase conjugate. The enzyme substrate was a-naphthol AS-BI phosphate (Sigma) and Fast Red TR (Sigma) in 0.05 M veronal acetate buffer at pH 9.2. The endogenous alkaline phosphatase was blocked with the inclusion of I mM levamisole (Sigma). The sections were counterstained with Gill's no. 2 hematoxylin (1 5) and covered with Von Apathy's aqueous mountant (BDH, Eastleigh, Hampshire) prior to examination.
Specificity of the various reactions was tested by substituting each specific anti-serum with a control, non-immune rabbit serum. Positive staining .retictions were controlled by using the histiocytic tumor tissue itself for lysozyme and a,-antitrypsin, the kidney from a male rat that had been administered 2,2,4-trimethylpentane for a,,-globulin (courtesy Dr. J. R. Foster), either a Wistar rat or BW mouse kidney with chronic glomerulonephritis for immunoglobulin, and rat kidneys with advanced chronic progressive nephropathy (CPN) characterized by tubular colloid casts for albumin, All control specimens had been formalin-fixed.
Special Histological Stains
In addition to conventional H&E staining, sections from the rat and mouse kidneys prepared for immunohistochemistry were also stained with Mallory's Heidenhain for protein, periodic acid-Schiff (PAS) reagent for polysaccharides, Perls' iron stain, and Schmorl's stain for lipofuscin. In addition, sections were examined under ultraviolet illumination at a wavelength of 450-490 nm.
RESULTS

Tumor Diagnosis
Histiocytic sarcoma of the rat (Fig. 1 ) was characterized by a range of histopathologic features, including sarcomatous and granulomatous patterns, sheets of monomorphic mononuclear cells, nodular arrangement of epithelioid histiocytic cells, foci of necrosis surrounded by palisading tumor cells, and, often, scattered multinucleated giant cells (3, 33, 39). In most cases the tumor was generalized, invariably involving the liver and often metastasizing to the lung and occasionally the kidney. In some cases, the tumor appeared to be confined to a solitary subcutaneous site. Histiocytic sarcoma in the mouse, also called histiocytic lymphoma (1 2), is morphologically similar to the rat neoplasm (13) but involves mainly the liver, spleen abdominal lymph nodes, and uterus (9, 12, 31) . The rat and mouse cases examined were not related to chemical treatment and occurred in both males and females.
Correlation of Renal Hyaline Droplet
A ccuin ulat ion with Hist iocyt ic Sarcoma
In this study, hyaline droplet accumulation was visualized in conventional H&E-stained paraffin sections as proximal tubule cells filled with brightlystaining eosinophilic droplets in the cytoplasm (Fig.  2) . Often, the eosinophilic tinctorial intensity of the cortex was apparent at low microscopic power. The droplets were usually round, ranging from small to large in size (up to 12 p diameter). The appearance of the droplets was very similar to those seen in a*,globulin nephropathy induced by diverse chemicals, although the latter droplets, when large, are typically polyangular in shape (37) .
Of 77 Sprague-Dawley rats with histiocytic sarcoma, hyalini droplet accumulation in proximal convoluted tubules was found in 74 cases. In a few of these, the droplets, although present, were not so easily visualized because of autolysis or poor preservation. Inadequate tissue preservation precluded diagnosing renal hyaline droplet accumulation by conventional staining in 6 additional cases of histiocytic sarcoma. However, 1 of the latter was available for immunohistochemistry, and subsequently proved positive for abnormal lysozyme accumula-, RENAL HYALINE DROPLETS AND HISTIOCYTIC SARCOMA tion (see below). Only 3 cases of histoiocytic sarcoma where kidney preservation was adequate showed no apparent hyaline droplet accumulation. In 2 of these negative examples, the tumor burden was small, being restricted to a solitary site or with only incipient liver invasion. The 15 specimens of generalized lymphoma and 3 cases of sarcoma were negative for renal tubule droplet accumulation.
Among Osborne-Mendel rats from the NTP archives, 17 of 18 with histiocytic sarcoma had welldeveloped hyaline droplet accumulation in the kidneys. In the 1 negative case, the tumor was restricted to a subcutaneous site. However, in this series, 6 of the specimens positive for hyaline droplets were also localized to the skin. In an additional droplet-negative specimen, the histiocytic tumor, present as a small nodule in the wall of the small intestine, had a marked storiform pattern suggestive of malignant fibrous histiocytoma (17), a tumor which was considered to be distinct from histiocytic sarcoma (3).
The 7 cases of generalized lymphocytic lymphoma were also negative.
From the NTP series of Fischer 344 rats, all 7 with histiocytic sarcoma showed renal hyaline droplet accumulation. Of the animals bearing mononuclear cell leukemia (57 cases), malignant lymphoma (3 cases), fibrosarcoma (3 cases), or no hematopoietic tumor (18 cases), none showed the uniform involvement of convoluted tubules with eosinophilic droplets as seen in histiocytic sarcoma cases. However, the kidneys of rats with mononuclear cell leukemia and 2 with no tumor showed a low density intracytoplasmic scatter of large brownish droplets in proximal convoluted tubules, granular brown aggregates, and, in many cases, frequent stippling with hemosiderin-like pigment.
In the B6C3F1 mouse, renal hyaline droplet accumulation was observed in 18 of the 33 cases of histiocytic sarcoma but not in lymphomas (60 cases), granulocytic leukemias (2 cases), plasma cell myeloma (1 case), or sarcomas (2 cases). In many of the histiocytic sarcoma examples negative for renal hyaline droplets, the tumor appeared to be small and/ or restricted to a single site, such as the uterus or spleen.
Iimiunohistocheinistry
The droplet-containing proximal tubules in kidney tissue from the 11 rat and 8 mouse cases of histiocytic sarcoma examined by immunohistochemistry were all strongly positive for lysozyme ( Figs. 3 and 4) . The intensity and extent of staining contrasted with control rat kidney tissue where positive reaction was confined to sparsely distributed intracellular droplets in the P2 segment ( Fig. 5) representing lysosomes (36) . In the tumor-bearing an-imals, the positive lysozyme reaction involved specifically the intracellular hyaline droplets (Fig. 6 ). In 1 instance in a Sprague-Dawley rat, lysozyme immunohistochemistry confirmed the presence of renal tubule protein accumulation although autolysis had masked visualization of droplets by conventional H&E staining.
Hyaline droplets in renal tissue from all 19 rat and mouse histiocytic sarcoma specimens were negative for a,,-globulin ( Fig. 7) , a,-antitrypsin, immunoglobulin, and albumin. These various tests were run with positive control specimens. Thus, scattered histiocytic sarcoma cells within tumor tissue in the liver were positive for lysozyme and aIantitrypsin, the droplets within renal tissue from a 2,2,4-trimethylpentane-treated rat were positive for a,,-globulin, the Wistar rat and BW mouse glomerular deposits were positive for anti-rat and antimouse Ig, respectively, and colloid casts within CPNaffected tubules were positive for albumin.
Kidney sections from 7 examples of Fischer rat mononuclear cell leukemia were also tested with the same series of antibodies. The renal tubule droplets associated with this tumor type were negative for lysozyme as well as for a,-antitrypsin, a,,-globulin, rat-Ig, and albumin.
Special Stains
The eosinophilic hyaline droplets in the renal tubules of rats and mice with histiocytic sarcoma stained intensely with Mallory's Heidenhain stain ( Fig. 8 ) but not with PAS reagent. Such a staining pattern confirmed the protein, but. not polysaccharide, nature of the histiocytic sarcoma-associated renal Kyaline droplets. Furthermore, the hyaline droplets autofluoresced under ultraviolet illumination ( Fig. 9 ), emphasizing their identity as lysosomederived structures (27). Although iron pigment and lipofuscin were present in proximal tubules of histiocytic sarcoma-bearing animals, the hyaline droplets did not stain with Perls' or Schmorl's stain.
Many of the scattered droplets observed in Fischer rat mononuclear cell leukemia stained as protein-positive with Mallory's Heidenhain (Fig. lo) , but were negative with PAS. Proximal tubules in these' rats stained intensely with Perls' stain ( Fig.  ll) , which is indicative of iron accumulation. In addition, lipofuscin was prominent in the proximal tubules of Fischer rats with mononuclear cell leukemia, as shown by Schmorl's stain (Fig. 12) . Many of the large brownish droplets reacted positively with Schmorl's stain and some with Perls' stain.
Renal Hyaline Droplet Pathology
The degree of proximal tubule involvement with excess hyaline droplets varied in both rats and mice. .
TOXICOLOGIC PATHOLOGY
In many cases, the accumulating hyaline droplets associated with histiocytic sarcoma were confined to the P2 convoluted segment of the proximal tubule. This location was determined by the absence of droplets from the pars recta of the outer stripe of outer medulla and the medullary rays, and from the portion of P 1 convoluted tubule in direct continuity with the glomerular capsule. In 1 rat specimen where the tumor was small and the liver had not been invaded, the abnormal accumulation of droplets was at an incipient stage of development in the P2 segment. In s0m.e cases with prominent multi-organ dissemination of the tumor, the P1 segment was involved by the droplet accumulation and, in the most extreme cases, droplets extended into the pars recta of the outer medulla.
Additional changes observed in proximal tubules affected with hyaline droplet accumulation included relatively frequent mitotic figures (Fig. 13) , clearly above normal background, representing enhanced cell turnover, and occasional pyknotic and exfoliated cells (Fig. 14) . The latter indicated a low grade of cell degeneration associated with the droplet overload. Other lesions that have been recorded in chemically-induced a,,-globulin nephropathy, such as dilated tubules filled with granular casts at the corticomedullary junction and linear mineralization in tubules of the renal papilla (43), were not observed.
DISCUSSION
The major new findings in this study are the consistent association (in 96% of cases) of abnormal hyaline droplet accumulation in renal proximal tubules of laboratory rats with the occurrence of histiocytic sarcoma, a similar association in 55% of mouse cases of histiocytic sarcoma, and the identification of lysozyme as a major component of the protein droplets in both species. The P2 segment was clearly the initial site of hyaline droplet accumulation in both species, but P1 was also affected in some cases. Less frequently, there was further extension into the pars recta. The variance in extent of droplet distribution through the proximal tubule appeared to correlate with the body burden of the associated tumor. Animals with more frequent and larger multi-organ masses oftumor showed a greater accumulation ofdroplets beyond P2 into P1 and P3. Conversely, the histiocytic sarcoma-bearing animals with no demonstrable renal hyaline droplet accumulation tended to have less tumor spread. This suggests that a critical tumor burden needs to be reached before droplets being to accumulate in proximal tubules.
Rodent histiocytic sarcoma is a distinct tumor entity, consisting of a uniform population of histiocytic cells (3,3 I). The most likely origin of the tumor is from the mononuclear phagocyte system and particularly the tissue macrophage (3 1,33) . Cells of the mononuclear phagocyte system have important secretory functions and are known to produce about 100 biologically active substances (2) . One major product secreted continuously in large amounts by mononuclear phagocytes is the enzyme lysozyme (19). Lysozyme has been identified in cells of rat histiocytic sarcoma and the enzyme has been proposed as a reliable and specific marker for this tumor type (3). Furthermore, histiocytic sarcoma cells contain abundant lysosomes (3), suggestive of some intact synthetic and secretory activity. The results of our survey and immunohistochemical analysis indicate that histiocytic sarcoma cells in rodents are actively secreting lysozyme.
Hyaline droplets in low density are a constitutive feature of the P2 segment of mature male rat proximal tubule (1 6, 23), representing secondary lyso- somes (14) that stain positively for a,,-globulin (16, 29). Our study indicates that lysosomes can also be visualized by light microscopy in the P2 segment of the normal rat using lysozyme antibody. The lyso-somaVphagolysosoma1 system of proximal tubules is 1 component of an essential function which the kidney has in the homeostatic regulation of circulating low-molecular-weight proteins and proteohormones. A heterogeneous group of plasma peptides and proteins, including lysozyme and, in the male rat, a,,-globulin, are extensively filtered through the glomerulus, reabsorbed by proximal tubule epithelium, and catabolized within lysosomes to constituent amino acids which are retumed to the circulation (26). Protein overload with a circulatinrg low-molecular-weight protein is manifest vorphologically by an abnormal accumulation of 1 yaline droplets in proximal tubule cells. This can result either from a pathologically increased endogenous production of specific circulating proteins or interference with lysosomal enzyme-mediated hydrolysis occurring in the renal epithelial cell.
In a,,-globulin nephropathy, excessive hyaline droplet formation appears to result via the latter mechanism. The associated chemicals do not en-hance the hepatic synthesis of a,,-globulin (29). Instead, reversible binding of the chemical or its active metabolite to the a,,-globulin molecule has been shown to impair lysosomal degradation of the protein (6, 21) . Compared to other circulating low-molecular-weight proteins where half-lives are measured typically in minutes (26), a,,-globulin is particularly resistant to lysosomal hydrolysis under normal conditions, having a half-life of 5-7 hr (1 0, 21). In the studies of Lehman -McKeeman et a1 (21) , chemical binding to a,,-globulin extended the apparent half-life by one-third, from 6.67 to 10 hr. This augmentation of an already resistant degradation process undoubtedly provokes the excessive accumu1atio.n of renal hyaline droplets and the interdependerit sequential manifestations of a,,-globulin nephropathy, namely single cell necrosis in proximal tubules, cell sloughing, granular cast formation, linear mineralization in papillary tubules, and sustained proliferative response in proximal tubules (1, 4, 42, 43) .
In contrast to a,,-globulin nephropathy, the most likely explanation for renal hyaline droplet accumulation in the histiocytic sarcoma-bearing rodents must lie in the substantial overproduction of an en-dogenous protein by the tumor cells. Compared to many circulating low-molecular-weight proteins and peptide hormones with half-lives measured in minutes (26), lysozyme is more resistant to intracellular enzymatic degradation, with a half-time rate of hydrolysis within rat kidney tissue of approximately 1.5 hours (24). However, in relative terms, lysozyme is more easily digested than aZu-globulin, as its halflife is substantially less than the turnover time for a,,-globulin, either alone or bound to a xenobiotic. The capacity for tubular uptake of proteins is very large and the kidney is able to respond to increases in filtered load by significant expansion in the rate of tubular uptake. Nevertheless, for proteins like lysozyme which are relatively resistant to enzymatic hydrolysis, a large enough increase in filtered load can saturate the lysosomal enzyme processes (26). In histiocytic sarcoma-bearing rats, hyaline droplet formation through lysozyme overproduction represents an enzyme saturation mechanism by a protein with a much more rapid turnover rate than a,,globulin. Therefore, it could be anticipated that not all of the renal sequelae characteristic of a,,-globulin nephropathy would occur in the tumor-induced condition. Accordingly, corticomedullary granular casts and linear mineralization of the papilla were not observed, although there was a degree of cell degeneration and increased cell turnover in some animals.
Renal accumulation of low-molecular-weight proteins, including lysozyme, has been induced experimentally under conditions of protein overload. Injection of lysozyme has produced intracytoplasmic droplet formation in proximal tubules of the rat (25, 30). Likewise, droplet accumulation in proximal tubules can be reproduced in rats by a single intraperitoneal injection of purified human kappa chains (8) . In this instance, the droplets were shown to contain the kappa chain protein. Lysozymuria and proximal tubule hyaline droplet formation can also occur in human patients with monocytic and myelomonocytic leukemia (34), and protein droplets containing light-chain immunoglobulins in proximal convoluted tubules have been recorded in cases of multiple myeloma in humans (32). However, the occurrence of abnormal accumulations of lysozyme in the rat kidney in association with a naturally occumng neoplastic disease process does not appear to have been reported before, although Osserman and Azar (30) observed lysozymuria and droplet formation in WF rats carrying a transplanted monocytic tumor.
The scattered kidney tubule droplets and granules observed in many of the Fischer rats with mononuclear cell leukemia were morphologically different from the histiocytic sarcoma-associated hyaline droplets. They could be distinguished by their brownish staining, sparser intracellular density and tubule distribution, and, in the case ofgranules, their shape. They were also uniformly negative for lysozyme. Most of these intracytoplasmic inclusions could be identified as containiing either iron or.& pofuscin. An abundance of iron-positive and ironnegative pigment in the proximal tubules of Fischer rats with mononuclear cell leukemia has been previously noted (44).
In conclusion, our study shows that excessive renal hyaline droplet formation can occur naturally in rodents independent of a mechanism involving a,,-globulin. The fact that this renal abnormality can involve a low-molecular-weight protein other than a,,-globulin emphasizes the need to establish the identity of accumulating proteins in rat kidney when categorizing hyaline droplet-inducing renal carcinogens for risk assessment purposes. Also, the concomitant presence of renal hyaline droplets in a high percentage of the histiocytic sarcomas surveyed indicates their potential use (when due to lysozyme accumulation) as a diagnostic alert for this tumor type in rodents.
